The nanoparticle magnetite of which diameter was about 3 nm was synthesized in a homogeneous aqueous solution without a template. The synthesized magnetite nanoparticle was easily oxidized to maghemite in an ambient condition. The magnetic properties of the ferrite nanoparticle show superparamagnetism at room temperature and its blocking temperature is around 93 K. Modifying the sequential adsorption method of metal bisphosphonate, we have prepared a multilayer thin film of the ferrite nanoparticle on planar substrates such as glass, quartz and Si wafer. In this multilayer the ferrite nanoparticle layer and an alkylbisphosphonate layer are alternately placed on the substrates by simple immersion in the solutions of the ferrite nanoparticle and 1, 10-decanediylbis (phosphonic acid) (DBPA), alternately. This is the first example, as far as we know, of nanoparticle/alkyl-bisphosphonate multilayer which is an analogy of metal bisphosphonate multilayer. UVvisible absorption and infrared reflection-absorption studies show that the growth of each layer is very systematic and the film is considerably optically transparent to visible light of 400-700 nm. Atomic force microscopic images of the film show that the surface morphology of the film follows that of the substrate in µm-scale image and the nanoparticle-terminated surface is differentiated from the DBPA-terminated one in nm-scale image. The magnetic properties of this ferrite/DBPA thin film are almost the same as those of the ferrite nanoparticle powder only.
Introduction
The investigation and preparation of nanosized and nanostructured materials have recently become a very exciting area of fundamental and applied researches in chemistry and material sciences. 1 Since nanoparticles often have novel properties that are different from those of bulk materials due to their small size, they are becoming a core component of advanced materials that have wide practical applications with noble optical, electrical, magnetic, and catalytic properties. 2 Organic/inorganic hybrid thin film based on inorganic nanoparticles is one of stimulating nanostructured materials. 3 Layer-by-layer growth of nanoparticles is a very prospective strategy for preparing nanostructured thin films since it can give a fine control over the incorporated components and the thickness of film on a variety of surfaces.
There are some reported techniques for preparing nanoparticle-incorporated multiplayer thin fim which can be grown layer-by-layer: Langmuir-Blodgett(L-B) method, 4 polyelectrolyte method, 5 and alkyl dithiol method. 6 L-B method is the oldest and well-established multiplayer technique. 7 However this method requires a number of physical manipulations in order to transfer a layer preassembled by mechanical force to a substrate, and the prepared film is thermodynamically unstable. The polyelectrolyte and dithiol methods utilize self-assembly between a nanoparticle and a cross-link molecule. Among the self-assembling multiplayer techniques, there is a metal bisphosphonate multiplayer technique which is developed by Mallouk et al. 8 This multiplayer thin film is structurally very similar to L-B film but is thermodynamically more stable and mechanically robust than L-B film because the metal ions are chemically coordinated to interlayer cross linkers of bisphosphonates.
Recent reports showed that phosphonate derivatives were strongly adsorbed on the surface of metal oxide such as TiO 2 through the surface chelation of phosphonate. 9 Utilizing this surface chelation of phosphonate, it may be possible to stepwisely stack metal oxide nanoparticles using an alkyl bisphosphonate as an interlayer cross-linking agent as shown in gold nanoparticle multiplayer by the dithiol method. 6 In this case, metal oxide nanoparticles will replace metal ions in a metal bisphosphonate multiplayer. Therefore, we present here new layer-by-layer stacking method of inorganic metal oxide and organic alkyl chain utilizing the surface chelation of phosphonate functional group to metal oxide surface. For this study, we used magnetic nanoparticles since they are of great interest for wide practical applications 10 in information storage systems, catalyst, color imaging, ferrofluid, and medical diagnostics. First, We have synthesized and characterized magnetite nanoparticles in an aqueous solution.
Experimental Section
Materials. Preparation of Ferrite Nanoparticle and Ferrite/DBPA Multilayer. The synthetic procedure of nanoparticle magnetite was reported in the previous paper. 12 The only difference is that the synthesis was done in a refrigerated circulating bath at 0 o C. The wet magnetite slurry immediately after synthesis was suspended in water adjusted to pH 4. It was sonicated for 20 min and centrifuged at 10000 rpm. The resulting colloidal solution was very stable for several months and used for the multilayer film. In order to prepare magnetite/DBPA multiplayer film, all substrates such as glass, quartz, and Si wafer were first pretreated by being dipped in an anhydrous acetonitrile solution of both 10 mM POCl 3 and 2,6-lutidine for an hour, then rinsed with acetonitrile and water and dipped in 20 mM ZrOCl 2 aqueous solution for 30 min. Magnetite/DBPA multiplayer was grown layer-by-layer on the substrates by repeating alternate dipping in 5 mM DBPA methanol solution and the magnetite colloidal solution as shown in Scheme 1. The substrate was thoroughly washed with a copious amount of water between immersions. For IR reflection-absorption measurement, Aucoated Si wafer and 4-mercaptobutanephosphonic acid were used as a substrate and a surface-anchoring compound, respectively.
5d,8

Results and Discussion
Characterization of Synthesized Magnetite Nanoparticle. o C for 1 hour right after synthesis and (c) the annealed one which had been exposed to air for 2 weeks after synthesis, under vacuum at 500 o C for 1 hour.
to the small size and poor crystallinity. The peaks are nearly same to those of the structure of magnetite or maghemite. 13 It is difficult to distinguish magnetite from maghemite by the XRD pattern because they have the same inverse-spinnel structure and are isomorphic. The unit cell parameter was estimated to be 8.381 using Nelson-Riley extrapolation. This value lies between those of magnetite (8.396) and maghemite (8.35).
14 In the previous study, 15 we have shown that magnetite nanoparticle of which diameter is about 7 nm was transformed to maghemite in an ambient condition (air, room temperature). It is expected that the magnetite nanoparticle prepared here will be transformed more easily to maghemite than the nanoparticle of 7 nm in diameter did due to its smaller particle size. Since the change of XRD pattern is not discernible before and after transformation, we have sealed the sample in a quartz tube under vacuum and annealed it at 500 o C for an hour as discussed in the previous study.
15 Figure 1(b) and 1(c) are the XRD patterns of the annealed one right after synthesis and after having been exposed in air for 2 weeks, respectively. While the annealing of magnetite under vacuum at 500 o C gives no phase transformation, the annealing of maghemite in the same condition will cause the transformation of it to hematite. Figure 1(b) shows the XRD pattern of the mixture of magnetite and hematite for the annealed sample that was sealed in vacuum right after synthesis. Figure 1(c) shows the pattern of only hematite for the sample that had been exposed to air for 2 week after synthesis and been annealed. Therefore, the nanoparticle ferrite was consisted of the mixture of magnetite and maghemite right after synthesis and the magnetite was entirely oxidized to maghemite in 2 weeks when it was exposed to air. Although the synthesized ferrite is apparently the mixture of magnetite and maghemite, it might be in only magnetite phase immediately after it was prepared in the reaction solution because the air-exposure for sample preparation process such as centrifugation could not be completely prevented. The estimated particle size of the ferrite was 2.4 nm in diameter from (311) peak of Figure  1 (a) by Debye-Scherrer equation. 16 Figure 2 shows TEM picture of the synthesized ferrite nanoparticle. The shape of particles is round and the sizes are relatively homogeneous. The estimated average diameter is about 3 nm from 65 particles in the picture. This value is consistent with the value from XRD peak. This is less than half size of the one previously synthesized with the same method at room temperature. 15 Although many researchers have reported the synthesis of the nanoparticle magnetite or maghemite whose diameter is smaller than 5 nm, 17 most of them were synthesized in some templates or matrixes such as sol-gel, 17d micelle, 17c microemulsion, 17a,e polymers, 17f block copolymer, 17b and aluminosilicate. 17g In our case, we have synthesized magnetite/maghemite ferrite 18 whose size is as small as about 3 nm in diameter in an aqueous homogeneous solution by simply lowering preparation temperature. 19 The magnetization of the nanoparticle ferrite powder as a function of applied magnetic field is shown in Figure 3 . Although bulk maghemite and magnetite are ferrimagnetic at room temperature, there is no magnetic hysteresis at room temperature for this ferrite. This is characteristic of superparamagnetic nanopaticles where thermal fluctuations are sufficient to overcome the anisotropy energy barrier. 20 The magnetic moment at the maximum applied field (18 kOe) is about 28 emu/g. This value is about one third of that of the saturation magnetization of bulk magnetite, 76 emu/g. 21 In the case of single-domain superparamagnetic particles with a finite size, the relationship between magnetization (M) and applied field (H) at a specific temperature can be described by Langevin function. 21 Neglecting a size distribution of the nanoaprticles, fitting of M-H data to Langevin function can give a rough estimation of the size of the ferrite. In this way we obtained the diameter of the ferrite nanoparticle as about 3 nm from the fitting of Figure 3 . This result is very consistent with those of TEM and XRD. Figure 4 shows the temperature dependence of ac magnetic susceptibility(dM/dH) for the ferrite powder. Ac magnetic susceptibility is measured in a small oscillating magnetic field without static magnetic field and gives almost the same information as zero-field-cooled data of dc magnetic susceptibility(M/H) measured in weak magnetic field. As a temperature decreased, the susceptibility increased until it reached at the maximum at 93 K and then decreased. The decrease at low temperature is due to the freezing of disordered spin system and is usually known in the materials of mictomagnetism and spin glass. 22 It is also well known in superparamagnetic nanoparticles because the total magnetic moment is frozen in the process of random agitation by thermal fluctuation. The temperature at a maximum susceptibility (T max ) is related to a blocking temperature (T B ) which is a boundary temperature between ferromagnetism and superparamagnetism. T B can be experimentally determined from the temperature where a zero-field-cooled data begins to match with a field-cooled data in dc magnetic susceptibility measurement or where a magnetic hyperfine interaction starts to appear in Mösbauer spectrum. 23 If the particle size is uniform, T max corresponds to T B because the splitting of zero-field-cooled data and field-cooled data start at the maximum susceptibility. In the sample with a wide size distribution, the splitting starts at a temperature higher than T max and the temperature corresponds to T B of the largest particles in the sample. T max corresponds to average blocking temperature of whole sample.
17e From the data of Figure 4 , we can estimate the average blocking temperature of the synthesized nanoapticle ferrite powder as 93 K. This value of T B is relatively higher than those reported for nanoparticle maghemites which were synthesized in a similar size with some templates.
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Nanoparticle-Ferrite/DBPA Complex Multilayer. As shown in Scheme 1, we constructed organic/inorganic composite multilayer by stacking DBPA layer and ferrite nanoparticle layer alternately. The driving force of layer stacking is the strong adsorption of phosphonnate to the surface of metal oxide as mentioned in Introduction. The surface anchoring to the substrates such as glass, quartz, and Si wafer which have hyroxyl group on its surface was done by a direct phosphorylation with POCl 3 and a subsequent zirconation with ZrOCl 2 without using anchoring aminosilane compound Katz et al. used. 24 This initial anchoring step was not so critical that DBPA molecule could be directly adsorbed on the substrates as reported in our other study. 25 Only the surface coverage in the case of without anchoring step was slightly lower than that with the step.
UV-Vis absorption spectra of the ferrite/DBPA multiplayer on a quartz plate are shown in Figure 5 . The absorption is due to only ferrite nanoparticles since DBPA does not absorb visible light. The feature of absorption spectrum is the same as that of the colloidal solution of the nanoparticle ferrite (not shown here). The multiplayer film is considerably transparent for visible light compared with bulk maghemite due to the size quantization effect. 26 As shown in the inset graph, the absorption linearly increases as the number of layer increases. This means that the amount of the nanoparticle ferrites included in each layer is somewhat uniform.
In order to confirm the systematic increment of DBPA layer, we measured infrared reflection-absorption spectra of ferrite/DBPA multiplayers. The layers were deposited on gold surface on Si-wafer using MBPA as an anchoring agent. Figure 6 shows IR absorption bands of CH 2 -stretching vibration in the multiplayer. The absorption peaks appear at 2925-2931 (ν as ) and 2852 (ν s ) cm −1 , which correspond to asymmetric and symmetric stretching, respectively. The inset shows that the integrated peak-areas increased relatively linearly as the number of layer increased. Therefore DBPA layer also systematically increases as well as the layer of cm −1 , respectively). 8d Since the peak position and width did not change appreciably as a new layer added, the degree of ordering of each layer may be relatively constant. The comparison of these data with a polycrystalline and an amorphous-like Zr-DBPA 8d show that the structural ordering of DBPA in ferrite/DBPA multiplayer is pretty close to that in Zr-DBPA multiplayer.
The surface morphologies of ferrite/DBPA multiplayer were investigated by AFM. Figure 7 shows AFM images of bare slide glass and 5-layer ferrite/DBPA film. The deposition of film does not result in drastic morphology change on the glass substrate. The surface of bare slide glass looks consisted of round particles of 0.1-0.15 µm in diameter. However, the height difference is relatively small as maximum 12 nm. When the 5 layers of ferrite/DBPA were deposited, the particle-like surface was simply increased in diameter and the depth also slightly increased. A rootmean-squared roughness of bare glass and the film were 21 and 38 Å, respectively. Figure 8 shows AFM images of DBPA-and nanoparticle-terminated surfaces in nm scale. In this case, the multilayer was constructed on the surface of Siwafer in order to confirm the flatness of substrate surface. The repeated measurements of different regions in one sample and a few samples gave relatively a consistent result. While the surface is smooth and flat when it is terminated with DBPA, the image of the surface shows hills and valleys and looks consisted of small particles of 2-3 nm in diameter when terminated with ferrite nanoparticles. Therefore, a stepwise construction of DBPA layer and nanoparticle layer, which is not randomly mixed together, was clearly seen. Figure 9 shows a SEM picture of side-cut view of the DBPA/ ferrite 50-layer film on glass substrate. Although the picture is not so good, the multiplayer is clearly differentiated from the substrate. The thickness of the film is fairly uniform and is estimated as about 280 nm. The average thickness of each layer (DBPA + ferrite) can be estimated as about 5-6 nm. It can be concluded that each layer is consisted of the single particle and the single DBPA layers since the length of DBPA is roughly 2 nm 27 and the diameter of a ferrite nanoparticle is about 3 nm. The magnetic properties of the ferrite/DBPA multiplayer film were investigated with the measurements of magnetization vs. applied magnetic field and temperature dependence of ac magnetic susceptibility. Figure 10 shows the temperature dependence of ac magnetic susceptibility for the 100 layers of ferrite/DBPA prepared on slide glass. The sample film used here was scraped off from the substrate with a doctor blade due to a difficulty of measurement. Figure 11 shows the changes of magnetization as a function of applied field for the same sample that is not scraped off, which is measured at 300 K and 2 K with SQUID magnetometer. The results are almost the same as those of nanoparticle ferrite powder shown in Figure 3 and 4. As discussed in previous section, the ferrite/DBPA film is also superparamagnetic at room temperature and its blocking temperature is about 90 K. Small hystereris appeared on the plot of magnetization vs applied field at the temperature of 2 K which is below the blocking temperature. At this temperature, the film became ferrimagnetic with coercivity of 240 Oe.
Conclusion
Ferrite-nanoparticle/alkyl-bisphosphonate complex multiplayer was prepared by self-assembling sequential adsorption method which is an analogy of metal bisphosphonate multiplayer. In this method, the coordination between metal ions and phosphonates was replaced with the adsorption of alkyl bisphosphonate to the surface of metal oxide. The multilayer could be grown up to more than 100 layers by simple alternate dips in the constituent solutions at an ambient condition. The data of UV-Vis and IR absorption and AFM and SEM pictures confirm that the growth of multilayer was very systematic. Each repeating unit layer was consisted of almost single nanoparticle layer and DBPA layer. The multiplayer film was mechanically robust and stable. The magnetic properties of the film are same to those of the nanoparticle ferrite powder which is superparamagnetic at room temperature. Since a phosphonic-acid derivative can be strongly adsorbed on the surfaces of most of metal oxides, this multiplayer technique can be easily applied to most of metal-oxide nanoparticles. We are now investigating the complex multiplayer of semiconducting nanoparticles such as TiO 2 and SnO 2 . 
